The chemical oxygen demand (COD) and five-day biological oxygen demand (BOD5) removal efficiencies of a packed cage rotating biological contactor (RBC) system under a hydraulic retention time (HRT) of 16 h declined from 93.90% to 78.58% and 78.61% and 96.27% to 84.83% and 87.93%, respectively, with an increase of sodium dodecyl sulphate (SDS) and triton X-100 loading from 0.00 to 1.25 mg/m 2 ⋅d. Reactor no. 1 of the system changed to anaerobic when the system was operated under an HRT of 8 h with surfactant loading of up to 2.55 mg/m 2 ⋅d. However, reactor no. 2 of the system was aerobic and the dissolved oxygen was higher than 3.00 mg/L. The study showed that this type of packed cage RBC system could be applied for treating the cosmetic industry wastewater with surfactant loading of up to 2.55 mg/m 2 ⋅d under an HRT of 8 h.
Introduction
Organic and/or inorganic surfactants are used in various types of industries such as textile, petrochemical, cosmetic, detergent and paint. Wastewaters discharged from these types of industries are thus contaminated with surfactants (Leu and Lin 1997; Antonie 1987 ) and the treatment of such wastewaters to remove surfactants by biological treatment processes burden these industries with heavy cost. The cosmetic industry discharges wastewater, containing both organic matter and surfactants, especially triton X-100 and sodium dodecyl sulphate (SDS). The organic surfactant in the wastewater can be removed by biological processes (Frankel et al. 1978; Fortes and Wase 1987; Benefield and Randall 1980; Antonie 1987; Hammer 1991; Metcalf & Eddy Inc. 1991) , but the removal efficiency is quite low due to the effect of surfactant on oxygen transfer and activities of biosludge (Leu and Lin 1997) . The rotating biological contactor (RBC) system, a biological wastewater treatment (Antonie 1987) , is used for treating domestic, hospital and industrial wastewater because of its resistance to shock loading, easy operation and low operating cost (Hammer 1991; Metcalf & Eddy Inc. 1991; Cheung 1986 ). Many problems related to the stability of the biofilm and dissolved oxygen in the system (Cheung 1986; Saipanith 1989; Friedman and Robbin 1979) can occur during operation (Cheung 1986; Saipanith 1989; Friedman and Robbin 1979; Arvin and Harremoes 1990; Robb 1997) , because the biofilm can easily wash off from the support medium by high organic loading, disinfectant or surfactant (Leu and Lin 1997; Antonie 1987; Benefield and Randall 1980; Friedman and Robbin 1979; Characklis 1990 ). To solve the existing problems, the packed cage RBC was introduced (Sirianuntapiboon and Tondee 2000; Sirianuntapiboon 2000) . This packed cage RBC system (Sirianuntapiboon 2000) was developed from the conventional RBC system by modifying the biodrum to increase the surface area for biofilm. In this study, a laboratory-scale packed cage RBC system was developed and applied to the treatment of synthetic cosmetic wastewater containing SDS and triton X-100 as the surfactant. The effects of surfactant concentration and HRT on removal efficiencies and stability of biofilm were also examined.
Materials and Methods

Packed Cage RBC System
The packed cage RBC system, a type of aerobic moving biofilm reactor, was modified from a RBC. The laboratory packed cage RBC system consisted of two similar packed cage RBC reactors that were serially connected as shown in Fig. 1 . Each reactor consisted of a 42 × 90 × 46 cm tank (working volume 43 litres) and 755.7 cm 3 cylindrical packed cage drum (size: 31 cm in diameter and 62 cm in length). The 436 pieces of square ring polypropylene media (specification of polypropylene square ring was 68 mm diameter, 90% porosity and 190 m 2 /m 3 specific surface area) were packed inside the drum. Forty percent of the packed cage drum was submerged in wastewater during operation. The packed cage drum was operated at approximately 3 rpm.
Surfactants
SDS (commercial grade anionic surfactant) and triton X-100 (commercial grade nonionic surfactant) commonly used in cosmetic, soap and detergent and textile industries were used in this study.
Synthetic Cosmetic Industrial Wastewater
Synthetic cosmetic wastewater, similar to wastewater from cosmetic factories in Thailand, was used in this study. One litre of synthetic wastewater consisted of 370.00 mg glucose, 23.00 mg (NH 4 ) 2 SO 4 , 0.70 mg FeCl 3 , 13.00 mg NaHCO 3 , 11.00 mg KH 2 PO 4 and 8.50 mg MgSO 4 .7H 2 O. The BOD 5 concentration of above synthetic wastewater was 400 mg/L. The concentration of SDS or triton X-100 in the wastewater was 0.00, 0.05, 0.10 and 0.25 mg/L.
Sludge Preparation
The biosludge used as inoculum in the packed cage RBC system was collected from the sedimentation tank of the central wastewater treatment plant of Bangkok, Thailand (Sripaya plant). The biosludge suspension at a concentration of 10,000 mg/L was acclimatized in non-surfactant-containing synthetic wastewater for three days before using it as an inoculum in the packed cage RBC system.
Start-up Packed Cage RBC System
A sludge suspension (concentration of 10,000 mg/L, 21.5 L) was inoculated in each reactor of the system. Tap water (21.5 L) was then added to each reactor (a total volume of 43 L). The packed cage RBC drum was run at 3 rpm without the feed wastewater for a day. Then, non-surfactant-containing synthetic wastewater was continuously fed at the flow rate of 50 L/d for one week. After 10 d of operation, the biofilm was fully built up on the surface of the square ring media and packed cage drum. The biofilm on the media and drum was 2 to 3 mm thick. The system was then ready to treat surfactant-containing wastewater and non-surfactant wastewater.
Operation of Packed Cage RBC System under Various Conditions
The system was operated under continuous feeding with synthetic wastewater containing SDS or triton X-100 at concentrations of 0.05, 0.10 and 0.25 mg/L. The system was operated under an HRT of 8, 12 and 16 h (each reactor was operated under HRT of 4, 6 and 8 h). The operational parameters for each experiment are shown in Table 1 . Each experiment was operated for one month. The effluent and influent of each reactor were collected for analysis within 23 d after the system reached steady state (it took 7 d).
Chemical Analysis
The characteristics of the wastewater such as BOD 5 , COD, pH, dissolved oxygen (DO) and suspended solids (SS) were analyzed in accordance to the Standard Method of Water and Wastewater Examination (APHA, AWWA, WPCF 1985). The triton X-100 and SDS in both influent and effluent were analyzed by using methylene active substance method (MEAS) and cobalt thiocyanate active substances method (CTAS), respectively (APHA, AWWA, WPCF 1985) .
Results
The packed cage RBC system showed high BOD 5 and COD removal efficiencies of 95.77% and 92.93%, respectively, with non-surfactant wastewater containing a BOD 5 of 400 mg/L even when the system was operated under an HRT of only 8 h (Tables 2 and 3) . Effluent BOD 5 , COD and SS were less than 15.0, 30.0 and 15.0 mg/L (Tables 2, 3 and 4). The removal efficiencies of the system decreased when the wastewater contained surfactants, and the removal efficiencies decreased with an increase in surfactant loading ( Fig. 2 and 3 ). However, triton X-100 and SDS could be removed by the above system (Table 5) and triton X-100 was more easily degradable than SDS (Fig. 4) .
BOD 5 Removal Efficiency
The BOD removal efficiency of the system decreased with an increase in surfactant loading (Fig. 2) . For example, the BOD 5 removal efficiency of the system under an HRT of 16 h with SDS and triton X-100 loading of 1.25 and 0.25 mg/m 2 ⋅d were 78.61% and 87.93%, and 93.92% and 92.30%, respectively. The BOD 5 removal efficiency of the system in the presence of triton X-100 or SDS at the same concentration was almost the same (Table 2) .
COD Removal Efficiency
The COD removal efficiency pattern in each reactor ( Fig. 2 ) was similar to the BOD 5 removal efficiency pattern. The COD removal efficiencies of the system under an HRT of 16 h with SDS and triton X-100 loading of 1.25 and 0.25 mg/m 2 ⋅d were 78.58% and 84.83%, and 93.90% and 93.90%, respectively (Table 3) .
Effluent Suspended Solids
Effluent suspended solids (SS) increased with an increase in surfactant loading (Fig. 3) . The effluent SS values from reactor no. 1 of the sys- The surfactants' (SDS or triton X-100) loading are shown in the table. tem under an HRT of 16 h at SDS and triton X-100 loading of 1.25 mg/m 2 ⋅d were 27.0 and 35.0 mg/L, while they were only 15.0 mg/L with non-surfactant wastewater (Table 4) . However, the effluent SS from reactor no. 2 of the system under an HRT of 16 h with both SDS and triton X-100 loading of up to 1.25 mg/m 2 ⋅d were less than 15.0 mg/L. Effluent SS of the system operated with SDS-containing wastewater was higher than that with triton X-100-containing wastewater. The effluent SS also decreased with an increase in HRT (Table 4 ). The effluent SS of the packed cage RBC system with SDS and triton X-100 loading of 0.51 mg/m 2 ⋅d decreased from 20.0 to 15.0 mg/L, and 25.0 to 13.0 mg/L, respectively, when the HRT of the system was increased from 8 to 16 h.
Surfactant Removal Efficiency
The results are shown in Fig. 4 and Table 5 . The surfactant removal efficiency decreased with an increase in surfactant loading, and the triton X-100 was easier to remove than SDS by the packed cage RBC system. For example, the SDS and triton X-100 removal efficiencies of the system under an HRT of 16 h with SDS and triton X-100 loadings of 0.25 mg/m 2 ⋅d were 90.00% and 85.11%, respectively. The SDS and triton X-100 removal efficiencies were 88.00% and 88.57%, respectively, with SDS and triton X-100 loading of 1.25 mg/m 2 ⋅d.
Dissolved Oxygen in the System
The dissolved oxygen (DO) in reactor no. 1 and reactor no. 2 of the system was higher than 2.00 and 3.00 mg/L, respectively, with non-surfactant wastewater under all HRT operations tested (Table 6 ). However, the DO in reactor no. 1 was lower than 1.00 mg/L when the system was operated with surfactant-containing wastewater under all conditions tested, whereas the DO in reactor no. 2 remained greater than 3.00 mg/L under all conditions tested. The DO in reactor no. 1 decreased with an increase in surfactant loading (Table 6 ). The DO of the system also increased with the increase of HRT. The DO in reactor no. 1 of the system with SDS and triton X-100 loading of 0.51 mg/m 2 ⋅d increased from 0.30 to 0.70 mg/L and from 0.20 to 0.25 mg/L, respectively, with HRT increasing from 8 to 16 h.
Effects of HRT and Surfactant Loading on Colour of Biofilm
The results are shown in Table 7 and Fig. 5 . The colour of the biofilm in reactor no. 1 changed from grey-brown to dark brown with an increase in surfactant loading. The colour of the biofilm changed from grey-brown to red-brown with the increase of HRT (Table 7) , but the colour of biofilm in reactor no. 2 was red-brown in all HRT operations and surfactant loadings tested. The colour of the biofilm in reactor no. 1 under an HRT of 8 h changed from dark brown when the surfactant loading was 2.55 mg/m 2 ⋅d.
Discussion
Results suggested that the BOD 5 and COD removal efficiencies of the system declined (Fig. 2) due to the presence of both SDS and triton X-100. It might be the effect of both surfactants on the repression of biofilm activity or wash-off biofilm from supporting media (Sirianuntapiboon and Tondee 2000; Sirianuntapiboon 2000) . SDS was hardly decomposed by usual biological processes as indicated by the residual SDS in the effluent as shown in Fig. 3 . The BOD 5 and COD removal efficiencies increased with the increase in HRT. Solid retention time (SRT) also increased with Sirianuntapiboon 2000 ; Department of Industrial Works 1992), allowing more time for decomposition processes to occur. However, the system was suitable for treating the non-surfactant wastewater with BOD 5 loading of up to 4.070 mg/m 2 ⋅d under the HRT of only 8 h with the high BOD 5 and COD removal efficiencies of 95.77% and 92.93%, respectively. The effluent SS of the system also increased with the decrease of HRT or the increase of surfactant loading (Table 4) . This phenomenon could explain that the biofilm was washed off from the supporting media due to the increase in the flow rate (Leu and Lin 1997; Antonie 1987) . However, the effluent SS of reactor no. 2 was lower than 30 mg/L, the permitted level of the Department of Industrial Works of Thailand (Department of Industrial Works 1992) (Table 5 ). This meant that the concentration of influent SS of reactor no. 2 did not have any effect on the biofilm in reactor no. 2. The DO in the reactor decreased with an increase in the surfactant loading and a decrease of HRT of the system (Table 6 ) due to the increase in organic loading (Leu and Lin 1997; Antonie 1987; Saipanith 1989; Sirianuntapiboon and Tondee 2000) . However, the DO level in reactor no. 2 was higher than 3.0 mg/L in all cases tested, indicating that the organic and surfactant loadings in reactor no. 2 did not affect the activity of the biofilm and dissolved oxygen in the system. The colour of the biofilm could indicate the type and characteristics of the microbial fauna of the biofilm (Antonie 1987; Sirianuntapiboon and Tondee 2000; Sirianuntapiboon 2000; Characklis 1990; Rosa 1998) . The grey-brown and dark brown colour of the biofilm indicated that the types of microorganisms were facultative or anaerobic microorganisms (Antonie 1987; Sirianuntapiboon and Tondee 2000; Sirianuntapiboon 2000) . The colour of the biofilm changed to be greybrown or dark brown when the surfactant loading was increased, as shown in Table 7 . This meant that the presence of surfactant caused the decrease in DO in the reactor due to the increase of organic loading or toxicity of surfactants (Antonie 1987; Sirianuntapiboon and Tondee 2000; Sirianuntapiboon 2000) . The designed packed cage SBR system was suitable for treating the cosmetic wastewater with a surfactant loading of up to 2.55 mg/m 2 ⋅d under an HRT of only 8 h.
